Sex chromosomes evolved many times independently in many different organisms [1] . According to the currently accepted model, X and Y chromosomes evolve from a pair of autosomes via a series of inversions leading to stepwise expansion of a nonrecombining region on the Y chromosome (NRY) and the consequential degeneration of genes trapped in the NRY [2] . Our results suggest that plants represent an exception to this rule as a result of their unique lifecycle that includes alteration of diploid and haploid generations and widespread haploid expression of genes in plant gametophytes [3] . Using a new high-throughput approach, we identified over 400 new genes expressed from X and Y chromosomes in Silene latifolia, a plant that evolved sex chromosomes about 10 million years ago. Y-linked genes show faster accumulation of amino-acid replacements and loss of expression, compared to X-linked genes. These degenerative processes are significantly less pronounced in more constrained genes and genes that are likely exposed to haploid-phase selection. This may explain why plants retain hundreds of expressed Y-linked genes despite millions of years of Y chromosome degeneration, whereas animal Y chromosomes are almost completely degenerate.
Summary
Sex chromosomes evolved many times independently in many different organisms [1] . According to the currently accepted model, X and Y chromosomes evolve from a pair of autosomes via a series of inversions leading to stepwise expansion of a nonrecombining region on the Y chromosome (NRY) and the consequential degeneration of genes trapped in the NRY [2] . Our results suggest that plants represent an exception to this rule as a result of their unique lifecycle that includes alteration of diploid and haploid generations and widespread haploid expression of genes in plant gametophytes [3] . Using a new high-throughput approach, we identified over 400 new genes expressed from X and Y chromosomes in Silene latifolia, a plant that evolved sex chromosomes about 10 million years ago. Y-linked genes show faster accumulation of amino-acid replacements and loss of expression, compared to X-linked genes. These degenerative processes are significantly less pronounced in more constrained genes and genes that are likely exposed to haploid-phase selection. This may explain why plants retain hundreds of expressed Y-linked genes despite millions of years of Y chromosome degeneration, whereas animal Y chromosomes are almost completely degenerate.
Results and Discussion
Similar to mammals, white campion (Silene latifolia) evolved chromosomal sex determination with XY males and XX females [4] . Relatively recent origin of sex chromosomes in S. latifolia made this plant a popular model species for studies of the early stages of sex chromosome evolution [5] . Despite significant efforts invested into studies of sex chromosomes in S. latifolia over decades [6] , lack of isolated sex-linked genes remains a major obstacle: the recent analyses [7] [8] [9] [10] are based on only ten genes or fewer. We developed a high-throughput approach that allowed us to isolate over 400 genes from S. latifolia sex chromosomes. Evolutionary genetic analysis of these genes provides the first comprehensive view of the early stages of sex chromosome evolution in plants.
Our approach to isolate sex-linked genes is based on a novel combination of textbook segregation analysis with highthroughput Illumina sequencing of gene transcripts [11] . We sequenced nonnormalized poly(A) transcriptomes from the parents and F1 male and female offspring of two S. latifolia crosses and identified single nucleotide polymorphisms (SNPs) that segregate in these crosses (see Supplemental Experimental Procedures and Figure S1 available online). Unlike SNPs, sequencing errors do not segregate, which allowed us to distinguish between the two. Verification of identified SNPs using a different sequencing platform (Titanium 454) in ProSeq software [12] did not identify any SNP-calling errors. Sex-linked genes were identified from SNP segregation pattern: SNPs in X-linked genes are expected to be inherited from father to daughters and not sons, whereas SNPs in Y-linked genes are inherited from the father to sons and not daughters (for details see Supplemental Experimental Procedures). This allowed us to identify 659 putatively sex-linked genes homologous to 574 different Arabidopsis thaliana proteins and involved in a wide range of biological functions (Table S1 ). Sex linkage of ten randomly chosen putatively sex-linked genes was verified with manual low-throughput approach ( Figure S2 ). Furthermore, we successfully detected sex-linked genes identified previously (Table S1 ; Supplemental Experimental Procedures), confirming reliability of our approach to detect sex-linked genes.
For 495 of the putatively sex-linked genes, we were able to reconstruct and align partial sequences for both the X-and the Y-linked homologs, of which 439 alignments contain a coding region corresponding to partial or complete protein sequences in A. thaliana or other plant species with annotated genomes (Table S1 ). Furthermore, for 404 of these genes we identified a homologous outgroup sequence from nondioecious Silene vulgaris (see Supplemental Experimental Procedures). These three-sequence alignments with assigned coding regions were used for evolutionary genetic analyses described below.
Synonymous divergence between the X-and Y-linked genes (dS xy ) reflects the time since the gene became sex-linked. Analysis of dS xy in humans revealed distinct evolutionary strata formed in four [13] or possibly five [14] expansions of the NRY. Based on less than a dozen sex-linked genes isolated previously, similar strata were hypothesized to be present in Silene [10] ; however, with over 400 sex-linked genes, the dS xy distribution appears continuous (Figure 1 ). This may suggest multiple small expansion steps or a continuous gradual expansion rather than three distinct steps postulated previously. However, stochastic differences in X to Y divergence between the genes may mask discontinuous strata. Indeed, simulation of divergence between X-and Y-linked homologs for 500 genes in evolver from phylogenetic analysis by maximum likelihood (PAML) package [15] with two distinct strata gives smooth continuous curve of synonymous divergence unless the ages of the strata are very different (difference in expected dS > 10%, data not shown). Because we have no information on location of newly identified sex-linked genes on the X or Y chromosomes, it is difficult to confirm or infirm the presence of strata in S. latifolia.
Homologs from S. vulgaris rooted the phylogeny of the X-and Y-linked genes, splitting pairwise X to Y divergence into separate X and Y components. The comparison of branch lengths of the X-and Y-linked genes revealed no significant difference: 3,102 and 2,861 synonymous mutations were observed in the Y-and X-linked genes, respectively (Wilcoxon rank sum test W = 80126, p = 0.105). Furthermore, the analysis of divergence between S. latifolia and S. vulgaris revealed no difference in synonymous substitution rates between 404 X-linked and 9,300 non-sex-linked genes with more than 500 aligned coding positions (0.113 6 0.0683 and 0.113 6 0.0604 for X-and non-sex-linked genes, respectively). Thus, we find no evidence for male-driven evolution effect (more cell divisions in male, compared to female gametogenesis, resulting in higher mutation rates in males [16] ) in Silene.
The comparison of nonsynonymous substitutions between the X-and Y-linked genes revealed a strong trend toward a longer Y branch: 2,281 and 1,246 nonsynonymous mutations were found in the Y-and X-linked genes, respectively (Wilcoxon test W = 57,142.5, p < 2.2 3 10 216 ). Because purifying selection eliminates deleterious nonsynonymous substitutions, which in turn reduces nonsynonymous (dN) to synonymous (dS) substitution rate ratio (dN/dS), we reason that if purifying selection is relaxed on the Y chromosome, one might expect higher dN/dS in the Y-linked compared to X-linked genes. Y-linked genes did indeed have significantly higher dN/dS, compared to X-linked genes (average dN y / dS y = 0.282 and dN x /dS x = 0.168; Wilcoxon test W = 98629, p = 2.1 3 10 213 ). Positive selection may also elevate dN and dN/dS. However, it is present in both the Y-and X-linked genes: a signal of positive selection was detected in three X-linked and six Y-linked genes (branch-site model analysis in codeml, p < 0.01). Furthermore, dN/dS is higher for the Y-linked genes even after exclusion of genes with dN/dS > 0.5 (average dN y /dS y = 0.191 and dN x /dS x = 0.152; Wilcoxon test W = 42,821, p = 5.9 3 10 28 ). Thus, higher nonsynonymous substitution rate on the Y-compared to X-linked genes is likely to be due to relaxed purifying selection on the nonrecombining Y chromosome.
Interestingly, there is a clear trend of a reduction in dN/dS ratio for older genes (Figure 1 ), which probably reflects differential ''survival'' of most conserved genes on the Y chromosome. For Y-linked genes, the set of 48 ''youngest'' genes (dS xy < 2.5%) has significantly higher dN/dS ratios, compared to the 48 ''oldest'' genes with dS xy > 10% (dN y /dS y = 0. 25 ). To demonstrate that this trend is not an artifact of a correlation between dS xy and the denominator of dN/dS, we measured pairwise divergence between S. latifolia X and its homolog in S. vulgaris, because this divergence does not depend on the time since cessation of recombination between the X-and Y-linked homologs (estimated by dS xy ) and only reflects divergence between the two species. Nevertheless, dN/dS for between species divergence is also negatively correlated with dS xy (Figure 2 ). The comparison of dN/dS between the 48 oldest and youngest sex-linked genes is also significant for between species divergence (dN/dS = 0.232 6 0.2893 and 0.120 6 0.1933, respectively; Wilcoxon test W = 1,673, p = 0.0064). This indicates that critically important genes (with low dN/dS) survive on the Y chromosome for longer, whereas less constrained Y-linked genes lose expression with time and are underrepresented among the older genes. Indeed, the relative transcript abundance for Y-linked genes in males (RTA y ), estimated from the number of sequence reads obtained for each gene (see Supplemental Experimental Genes with homologous X-and Y-linked expressed copies and an outgroup sequence from S. vulgaris are ranked according to their pairwise synonymous divergence between X-and Y-linked homologs (dS xy ) [23] , which is shown by open circles, right vertical axis. The ratio of nonsynonymous to synonymous substitution rates (dN/dS) is shown as red and blue bars for each Y-and X-linked gene, respectively (left vertical axis). Estimation of dN/dS was conducted using maximum likelihood model allowing separate dN/dS ratios for individual branches [24] in the unrooted tree of three sequences (X-and Y-linked genes from S. latifolia and a homolog from S. vulgaris). The horizontal red and blue lines show linear regression for dN/dS values of Y-and X-linked genes against the rank of a gene, fitted using the lm function of the R package [25] . The line shows regression Y = 0.24421.093X fitted to data with the lm function of the R package [25] . The dN/dS ratio was calculated between the sequences of X-linked genes and their homologs in S. vulgaris with the yn00 program from the phylogenetic analysis by maximum likelihood (PAML) package [15] . Procedures), is negatively correlated with dS xy (Figure 3) . Thus, the longer the gene spent on the Y chromosome, the lower (on average) is its expression, compared to homologous X-linked copy.
For 124 X-linked genes, no expressed Y-linked homolog was detected (Table S1 ). This might reflect degeneration of the Y-linked copy or translocation of the X-linked copy from autosomes after sex chromosomes already evolved. Such genes are present in two copies in females and only one active copy in males. Comparing expression of such X-linked genes in males and females, one can test whether S. latifolia sex chromosomes have evolved dosage compensation to equalize expression of X-linked genes in the two sexes. Dosage compensation evolved independently in mammals, Drosophila, and Caenorhabditis elegans [17] , but it is not clear how long it takes to evolve following the formation of the sex chromosomes and gene loss from the nonrecombining sexspecific region. If such a system were present in relatively recently evolved sex chromosomes of S. latifolia, it would indicate that dosage compensation can evolve very quickly. The analysis of 124 X-linked S. latifolia genes reveals that transcript abundance is significantly reduced in males, compared to females (one-way analysis of variance, p < 0.0001), whereas the difference of overall expression between the sexes is not significant (Figure 4) . Thus, our data provide no evidence that this plant species has already evolved a system to equalize expression of X-linked genes in males and females.
Although S. latifolia Y-linked genes undergo degeneration via loss of expression and accumulation of nonsynonymous substitutions, this process seems to be slower than in animals. The youngest region on the human Y chromosome, stratum 4, is of comparable age to the S. latifolia Y chromosome: synonymous X to Y divergence in stratum 4 ranges from 5% to 12% [13, 14] , and 198 pairs of sex-linked genes in S. latifolia fall in this range, whereas 26 Silene genes have higher X to Y divergence than the human stratum 4. Yet, the human stratum 4 is almost completely degenerate, whereas hundreds of S. latifolia Y-linked genes are still actively expressed. Although we do not know the total number of genes on the proto-Y chromosome, it is possible to crudely assess the extent of gene loss from the S. latifolia Y chromosome by the proportion of identified X-linked genes without detectable Y-linked homologs. Because only 19% of identified genes fall in this class, Y chromosome degeneration in S. latifolia does not appear to be as extensive as in humans. It is possible that all these X-only genes are located in the oldest part of S. latifolia Y chromosome, and the proportion of degenerate genes in that region is much higher than 19%. But this would mean that genetic degeneration in younger regions is very low; yet even the youngest region was estimated to be approximately 2.5 million years old. This exceeds the age of D. miranda neo-Y chromosome, where almost half of genes accumulated stop codons and lost function in only w1.5 million years [18] . Although the S. latifolia Y chromosome is older than the neo-Y in D. miranda, Y-linked genes in Silene accumulated far fewer stop codons, compared to D. miranda: in our dataset, only 34 Y-linked and 12 X-linked genes contained premature stop codons.
Although these comparisons with animal species are suggestive of slower Y chromosome degeneration in S. latifolia, it is difficult to directly compare our complementary DNA (cDNA) sequence data with genome sequence data in other Transcript abundance (RPKM) for 124 X-linked genes is significantly lower in males, compared to females (A). This is not due to overall lower transcript abundance in males because there is no significant difference between sexes for 10,000 randomly chosen genes (B). The significance was tested by one-way analysis of variance, as implemented in the aov function of the R package [25] species. Furthermore, the comparisons of sex chromosomes in such different species may be misleading. For example, heterochromatic regions in the older parts of Y chromosomes in humans and D. miranda may induce gene silencing in the newly added regions, which might accelerate gene loss. Alternatively, dosage compensation in humans and Drosophila may make loss of Y-linked genes more tolerable and partly account for rapid loss of Y-linked genes in these species. This suggests that relatively young sex chromosomes in S. latifolia that evolved de novo are a much better system for studies of sex chromosome evolution, compared to neo sex chromosomes in D. miranda or the X-added regions on the human sex chromosomes. However, one has to take into account the differences in evolutionary dynamics of sex chromosomes in plants.
Widespread haploid expression of plant genes in pollen (or, more generally, in gametophyte) is a plausible mechanism that prevents rapid degeneration of Y chromosomes [1, 19] , but this conjecture has not been tested previously. To test this, we analyzed expression and accumulation of substitutions separately in genes with and without expression in pollen. Pollen expression was measured by sequencing of nonnormalized cDNA libraries prepared from mRNA extracted from pollen of two S. latifolia males (see Table S3 ). No pollen expression was detected for 871 genes out of 19,195 cDNAs used as a reference transcriptome in this study. A much larger proportion of genes were weakly expressed: 3,141 and 10,473 genes had reads per kilobase per million mapped reads (RPKM) < 1 and < 10, respectively. Note that these genes are not weakly expressed in other tissues because transcript abundance is only weakly correlated (r 2 = 0.02) between pollen and nonpollen samples, whereas correlation between the two pollen samples was strong (r 2 = 0.79). Interestingly, the genes not expressed in pollen have significantly higher dN/dS ratio (for pairwise divergence from S. vulgaris), compared to pollen expressed genes (0.192 6 0.1689 and 0.142 6 0.1436, respectively; Wilcoxon rank sum test W = 540,405, p = 2.2 3 10
216
). The effect of pollen expression on dN/dS remains significant (Wilcoxon rank sum test W = 30,674, p = 0.001165) in the dataset reduced to genes actively expressed in the sporophyte (50 < RPKM < 200). These findings are consistent with stronger purifying selection on genes expressed in haploid gametophyte.
Only five out of 871 genes not detected in pollen are present among 659 sex-linked genes, listed in Table S1 . Interestingly, four of these five sex-linked nonpollen genes belong to 124 X-only genes (without an expressed Y-linked homolog) and only one to 495 X/Y genes that have both X-and Y-linked homologs expressed (Fisher's exact 2 3 2 test, p = 0.0072). The nonpollen genes are significantly underrepresented among the genes with expressed copies on both X and Y chromosomes, but not among the X-only genes (Fisher's exact 2 3 2 test, p < 0.00001, and p = 0.344, respectively), which is consistent with nonpollen genes losing Y-expression, whereas loss of expression is prevented by haploid selection in pollenexpressed genes.
With high sequence coverage, even the genes very weakly expressed in pollen can be detected with RNA-Seq. This leaves only five sex-linked genes in the nonpollen set and is unnecessarily conservative because genes not needed in pollen may be still transcribed at low level. Thus, for nonpollen sex-linked genes we used a wider set of genes with at least 3-fold reduction of expression in pollen relative to expression in sporophyte tissues. There were 132 sex-linked genes in this set; all these genes were weakly expressed in pollen (average RPKM = 7.37). These genes were compared to 120 sex-linked genes with high expression in pollen (average RPKM = 128.22). The two sets of genes do not differ significantly with regard to dN/dS ratios, but relative transcript abundance in male tissues for Y-versus X-linked genes (RTA y ) decreases with the age of sex-linked genes (measured by dS xy ). This effect is stronger for genes with reduced pollen expression: regression slope for RTA y against dS xy is significantly steeper for nonpollen (red line, Figure 3 ) compared to pollen (blue line, Figure 3 ) genes. Thus, expression in haploid gametophyte may slow down accumulation of mutations in regulatory regions affecting gene expression, presumably as a result of more effective purifying selection against deleterious recessive mutations.
Genetic degeneration of Y-linked genes is thought to be driven by complete linkage of mutations in nonrecombining regions that renders genes evolutionary nonindependent and reduces efficacy of selection for adaptive and against deleterious mutations [2, 20] . ''Sheltering'' of recessive mutations in Y-linked genes by X-linked homologs may also contribute to Y chromosome degeneration [21] ; however, it remains unclear whether lack of recombination or sheltering plays a major role in this process. Analysis of Y chromosome degeneration in plants provides a test for the role of reduced recombination versus sheltering of Y-linked genes with functional X-linked homologs. Our results demonstrate that the majority of S. latifolia sex-linked genes are expressed in pollen, where Y-linked copies of genes are not sheltered by X-linked homologs. Even in the absence of sheltering, nonrecombining Y-linked pollen-expressed genes gradually accumulate amino acid replacements and lose expression (Figure 3 ). With sheltering, loss of expression with time spent on the Y chromosome is more rapid (genes with reduced pollen expression, Figure 3 ), which is consistent with faster gene loss from animal (e.g., D. miranda [18] ) Y chromosomes.
With thousands of genes expressed at the haploid stage of plant life cycle, strong selective pressure against deleterious recessive mutations should be a genome-wide phenomenon in plants. Lower dN/dS ratios for pollen-versus nonpollenexpressed non-sex-linked genes in S. latifolia are suggestive of stronger purifying selection on genes expressed in plant gametophytes. The evolutionary consequences of haploid selection in plants require further investigation. Its effects on sex chromosome evolution in plants may represent only one of many consequences of the fundamental distinction between the animal and plant life cycles that lead to differences in the way natural selection works in the two kingdoms.
Sex chromosomes in plants are much less studied, compared to animals. Lack of genes isolated from plant sex chromosomes remains the major obstacle in studies of plant sex chromosome evolution. The plant genomes are often very large, making genome sequencing problematic. No close relatives with sequenced genomes are available to facilitate identification of sex-linked genes in Silene. Identification of hundreds of S. latifolia sex-linked genes reported above will significantly accelerate further progress in the field. It will be particularly interesting to apply the approach we described in this study to isolate sex-linked genes from plants with very young sex chromosomes. Most dioecious plants have no cytologically distinguishable sex chromosomes and often are closely related to nondioecious species, suggesting very recent origin of sex-determining region. Unlike the methods used previously [22] , our approach is not biased toward isolation of more diverged X-and Y-linked genes and thus is particularly suitable for species with recently evolved sex chromosomes. Analysis of sex-linked genes from species with recently evolved sex chromosomes and their close relatives without sex chromosomes will shed light on the origin and the early steps of sex chromosome evolution in plants.
Accession Numbers
The raw sequence data generated in this study (see Supplemental Experimental Procedures) have been submitted to the NCBI GEO database under accession numbers GSE30958 and GSM767641-GSM767651 and to the NCBI TCA database with the accession numbers JO767448-JO786642.
Supplemental Information
Supplemental Information includes three figures, three tables, and Supplemental Experimental Procedures and can be found with this article online at doi:10.1016/j.cub.2011.07.045.
